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Singapore (WABIOS), SingaporeABSTRACT The meiotic spindle is a bipolar molecular machine that is designed to segregate duplicated chromosomes toward
the opposite poles of the cell. The size and shape of the spindle are considered to bemaintained by a balance of forces produced
by molecular motors and microtubule assembly dynamics. Several studies have probed how mechanical perturbations of the
force balance affect the spindle structure. However, the spindle’s response to a stretching force acting at the spindle pole
and along its long axis, i.e., the direction in which chromosomes are segregated, has not been examined. Here, we describe
a method to apply a stretching force to the metaphase spindle assembled in Xenopus egg extracts and measure the relationship
between the force and the three-dimensional deformation of the spindle. We found that the spindle behaves as a Zener-type
viscoelastic body when forces are applied at the spindle pole, generating a restoring force for several minutes. In addition,
both the volume of the spindle and the tubulin density are conserved under the stretching force. These results provide insight
into how the spindle size is maintained at metaphase.INTRODUCTIONThe metaphase spindle, an essential cellular machine that
mechanically segregates chromosomes during cell division,
is a bipolar microtubule (MT)-based structure. It integrates
a variety of biochemical and mechanical activities while
maintaining its shape andmicron-sized structure over several
minutes (1–5). Several models explain the mechanism of this
shape and size maintenance based on chemical signals orig-
inating from chromosomes, which can control theMTassem-
bly dynamics within a specific length scale (6–8). However, it
has also been shown that mechanical forces control the
steady-state length and width of the metaphase spindle in
cells or cell-free Xenopus egg extracts (9–11). For example,
compressing a cell using an agarose gel pad or compressing
the spindle using a pair of flat cantilevers resulted in spindle
size and shape changes upon application of force (9,10).
Micromanipulation experiments using glass microneedles
inserted near the spindle midzone resulted in a viscoelastic
deformation within the spindle structure, associated with a
restoring force acting along the spindle’s short axis (11).
The elasticity along the short axis depended on proper spin-
dle pole organization (11), suggesting that the spindle pole
plays an important role in the spindle mechanics.
MTs are mostly aligned along the spindle’s long axis and
organized into a focused spindle pole at the end of the foot-
ball-shaped structure, and therefore many forces acting
within the spindle can be integrated at the spindle pole. In
addition, push-pull forces applied from outside the spindle
are transmitted to the spindle poles through astral MTsSubmitted August 14, 2013, and accepted for publication December 27,
2013.
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0006-3495/14/02/0735/6 $2.00(12–15). Although the spindle size and shape are retained
in the face of such internal and external forces for several
minutes, the consequence of these forces acting at the spin-
dle pole remains obscure. This is primarily because it is
technically difficult to apply and hold force to the spindle
pole for a long time. For example, if cantilevers are used
to subject the spindle pole to compression along the long
axis (10), the spindle can easily escape from the cantilevers.
Furthermore, if microneedles are used to apply a stretching
force along the long axis of the spindle (11,16), the needles
can divide the structure of the spindle pole, or quickly pass
through the pole toward the outside of the spindle.
We recently showed that mechanically cutting the spindle
resulted in changes in the spindle size and the amount of
spindle MTs, whereas the density of spindle MTs was main-
tained (17). However, the relationship between the applied
force and the amount and density of MTs remains unknown.
In this study, we developed an improved micromanipulation
method to apply stretching force to the metaphase spindle
pole using force-calibrated microneedles. We show that
the spindle’s mechanical response along its long axis can
be described by a Zener-type model, with relatively large
elasticity and viscosity compared with the short axis.
Combining quantitative image analyses of spindle volume,
shape, and the total amount of spindle MTs, we find that
the amount and density of MTs are maintained even when
a persistent stretching force is applied to the spindle pole.MATERIALS AND METHODS
Spindle assembly in Xenopus egg extracts
All experimental procedures conformed to the ‘‘Guidelines for Proper
Conduct of Animal Experiments’’ approved by the Science Council ofhttp://dx.doi.org/10.1016/j.bpj.2013.12.033
736 Takagi et al.Japan, and were performed according to the ‘‘Regulations for Animal
Experimentation’’ at Waseda University. Xenopus egg extracts were pre-
pared as described previously (18). Meiotic spindles were self-organized
in the extract with the addition of demembranated Xenopus sperm nuclei,
followed by cycling once through interphase back into metaphase. All ex-
periments were carried out at 20 5 2C.Micromanipulation of the spindle
Glass microneedles were fabricated by pulling glass rods (G1000; Narish-
ige, Tokyo, Japan) with a capillary puller (PC-10; Narishige) and a micro-
forge (MF-900; Narishige). A flexible needle (0.9–1.2 nN/mm) was
fabricated as previously reported (11,19). In contrast to previous studies
(11,16), in this work we used nonpassivated needles and inserted these
obliquely to each other into the metaphase spindle, which allowed the spin-
dle to be stretched for a relatively long time (Supporting Material; see also
Figs. S1 and S2). The movement of the needles was controlled by two mi-
cromanipulators (MHW-3; Narishige), one of which was equipped with a
piezo actuator (P-841.20; PI Japan, Tokyo, Japan).
Egg extract containing meiotic spindles was spread onto a siliconized
coverslip (custom ordered; Matsunami Glass; Osaka, Japan) coated with
Pluronic F-127 (P2443; Sigma-Aldrich, St. Louis, MO) as described previ-
ously (16). The extract was then covered with mineral oil (M-5310; Sigma-
Aldrich) to prevent evaporation (20).Microscopy and image analysis
A fluorescence image of the fluorescent dye-labeled tubulin and a bright-
field image of the needle were acquired using a Hamamatsu ORCA
AG cooled charge-coupled device (CCD) camera (Hamamatsu Photonics,
Shizuoka, Japan) or an electron multiplying charge-coupled device (EM-
CCD) camera (iXon EMþ; Andor Technology, Belfast, UK) mounted on
an inverted microscope (IX 71 or IX 70; Olympus, Tokyo, Japan) with a
40 UplanFLN lens (0.75NA; Olympus) or 60 UPlanSApo (1.35NA
(Olympus) for three-dimensional (3D) scanning). A confocal scanner unit
(CSU10; Yokogawa, Tokyo, Japan) was used for 3D image scanning. Image
acquisition was performed with Metamorph (Molecular Devices,
Sunnyvale, CA) or iQ (Andor Technology). To visualize the spindles, we
added ~20 mg/ml of either tetramethylrhodamine (Sigma-Aldrich)-labeled
tubulin or Alexa-488 (Sigma-Aldrich)-labeled tubulin (21), or both, depend-
ing on the experiment, to the extracts. The spindle width (W) and length (L)Biophysical Journal 106(3) 735–740were determined using ImageJ (National Institutes of Health, Bethesda,
MD). The statistical significance of the data was confirmed by a paired
two-tailed Student’s t-test in Origin 8.1 (OriginLab, Northampton, MA).RESULTS AND DISCUSSION
In previous studies, other investigators and we employed
passivated microneedles, which were inserted into the spin-
dle perpendicular to the coverslip, to examine the spindle
micromechanics (11,16). However, using this method, it is
difficult to stretch the bipolar spindle along its pole-to-
pole axis for a long time (~300 s) because the spindle pole
is not mechanically robust. Here, to apply force along this
axis, we inserted a pair of nonpassivated microneedles
obliquely to each other near the spindle poles, as shown in
Fig. 1 A. We then moved one needle along the pole-to-
pole axis at a constant rate (in the range of 0.1–10.0 mm/s;
see the Supporting Material for details). As the tips of the
two needles approached the spindle poles (at ~4 mm from
the pole), the spindle started to stretch such that the spindle
length L increased and the spindle widthW decreased (Fig. 1
B; Movie S1), as previously reported (16). Importantly, L
did not change until the glass needles approached the poles,
even though a weak viscous force was constantly resisting
the movement of the needles, especially near the spindle
equator region, as reported previously (11). The width of
the spindle equator, where the chromosomes are aligned,
decreased at almost the same rate as the spindle width.
The distance between the pole and needle gradually
decreased as the spindle was stretched, and eventually the
pole was split into two parts by the needle (Fig. S3). Regard-
less of the moving rate, the spindle could be stretched by at
least 10% before it was split (Fig. 1 C), which was signifi-
cantly larger than the time-dependent fluctuation of the spin-
dle length (L ¼ 33.0 mm 5 3.9% (mean 5 SD (%)),
observed for 30 min) (17). The slower the moving rate ofFIGURE 1 Stretching of the spindle and split-
ting of the spindle pole by the stretching force.
(A) Schematic illustration showing the experi-
mental setup used to apply the stretching force
to the spindle (plain (XY) view and side (XZ)
view from left to right). Two glass microneedles
were inserted into the spindle obliquely to each
other as shown in the illustration. (B) Image of
the spindle during stretching. Pink dashed lines
indicate the positions of the needle tips. The mov-
ing rate was 1.0 mm/s. Fluorescently labeled
tubulin and DNA are shown in red and green,
respectively. Numbers on the left show the time
(in seconds) from the moment the needle started
to move. Scale bar, 10 mm. (C) The maximum
spindle length (L) after stretching (blue, the spin-
dle pole was eventually split; red, the spindle was
not split within the full range of the piezo actu-
ator; green, mean 5 SD of blue and red points).
The length was normalized to the length before
stretching (L0). Asterisks indicate the results of
the t-test (p < 0.05).
Micromechanics of the Spindle Long Axis 737the needle, the more the spindle could be stretched (Fig. 1
C). The spindle could be stretched and held for ~300 s,
enabling us to quantitatively measure the deformation
response of the spindle to the stretching force.
We first performed an instantaneous stretching experi-
ment. The spindle was stretched by ~10% in length (the con-
stant moving rate was in the range of 1.0–5.0 mm/s), and
immediately after the stretch, the needle was quickly moved
back to the initial position (Fig. 2 A; Movie S2). After the
stretching force was released, the spindle gradually recov-
ered its initial steady-state size and shape within ~300 s
(L ¼ 36.5 5 7.2 mm and 36.3 5 7.3 mm before and after
stretching, respectively; W ¼ 18.4 5 3.4 mm and 18.1 5
3.9 mm before and after stretching, respectively (mean 5
SD, n ¼ 5 spindles); Fig. 2, B and C). This result indicates
that the spindle exhibits a viscoelastic response, rather than
either a viscous or purely elastic response, against the
stretching force applied at the spindle pole.
To quantify the observed viscoelastic property, we
measured the force required to stretch the spindle. We
used the combination of a force-calibrated flexible needle
(stiffness ~1.0 nN/mm) and a stiff needle (stiffness
>1  103 nN/mm), which were inserted obliquely into
the spindle. The stiff needle was then moved to stretch
the spindle along the pole-to-pole axis at a constant rateblue). (F) Relationship between the force and the stretching of the spindle (mean
was 0.1 mm/s (n¼ 5 spindles, green diamonds), 2.0 mm/s (n¼ 14 spindles, red sq
and lower boundaries of colored areas were obtained by globally fitting the data
illustration of the spindle assumed to act as a Zener-type viscoelastic solid agai(0.1 mm/s, 2.0 mm/s, or 5.0 mm/s). The stretching force dur-
ing this process was estimated from the deflection of the
flexible needle as described previously (11) (Fig. 2, D–F;
Movies S3, S4, and S5). We found that the force required
to stretch the spindle depended on the moving rate of the
needle (Fig. S4). At a low moving rate (0.1 mm/s), the force
was smaller than at a higher moving rate (2.0 mm/s), so the
apparent stiffness was also smaller. However, when the
moving rate was increased to 5.0 mm/s, the apparent
stiffness appeared to reach a maximum at 4–5 nN/mm.
The apparent stiffness of the spindle along the pole-to-
pole axis thus obtained by fast stretching (4.8 5 1.7
nN/mm, mean 5 SD, n ¼ 18 spindles) was slightly higher
than that obtained by compressing the spindle with a pair
of flat cantilevers at a relatively high rate (10) (2.69
nN/mm). In the spindle, MTs mostly run parallel to the
pole-to-pole axis, so the stretching probably generates an
extending force to the MTs and their cross-linkers, whereas
the compression probably generates a bending force on the
MTs. This is a plausible explanation for why spindle stiff-
ness differs between stretching and compression.
We conclude that the spindle’s response to the application
of pole-to-pole stretching force can be modeled as a
Zener-type viscoelastic solid comprised of two elastic
springs and one viscous dashpot (Fig. 2 G). This is basedFIGURE 2 Viscoelastic response of the spindle
to the stretching force. (A) Images of the spindle
during and after stretching. Pink dashed lines indi-
cate the positions of the needle tips. The micronee-
dle was returned to the initial position immediately
after stretching. The moving rate of the needle was
1.0 mm/s. Numbers on the left show the time (in
seconds) from the moment the needle started to
move. Scale bar, 10 mm. (B) Time courses of the
changes in the spindle length (L) and width (W)
during the instantaneous stretching. The dashed
lines show the spindle length and width before
stretching. (C) Relationship between the spindle
length (L) and width (W) before the stretch (green
squares), immediately after the stretch (red cir-
cles), and after the release (blue triangles) (n ¼ 5
spindles). (D) Images of the spindle during stretch-
ing. The pink and the yellow dashed lines indicate
the positions of the tips of the stiff and flexible nee-
dles, respectively. The yellow solid line indicates
the initial position of the tip of the flexible needle.
Its deflection from the initial position is propor-
tional to the stretching force. Numbers on the left
show the time (in seconds) from the moment the
needle started to move. Scale bar, 10 mm. (E)
Time courses of the stretching force from the
moment (zero) when the spindle length started to
increase. The moving rate of the stiff needle
was 0.1 mm/s (n ¼ 5 spindles, green), 2.0 mm/s
(n ¼ 14 spindles, red), or 5.0 mm/s (n ¼ 4 spindles,
5 SD, L0 is the length before stretching). The moving rate of the stiff needle
uares), or 5.0 mm/s (n¼ 4 spindles, blue squares). The curves and the upper
(mean and mean5 SD, respectively) using a Zener model. (G) Schematic
nst forces applied along its long axis.
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738 Takagi et al.on the following observations: 1), instantaneous stretching
experiments suggested that the elastic element should exist
in parallel to the viscous element, as the spindle length grad-
ually and fully recovered; and 2), measurements of force re-
vealed that the viscous element is linked with another elastic
element in series because the apparent stiffness reached a
plateau at a high moving rate. By globally fitting the data
shown in Fig. 2F, we determined the elastic stiffness and fric-
tional coefficient in the Zener model to be k1 ¼ 0.4 nN/mm,
k2 ¼ 5.2 nN/mm, and g ¼ 41 nN s/mm (see Supporting Ma-
terial for details). The mechanical characteristics of the spin-
dle structure measured for the spindle’s short axis were
previously explained by the Zener-type model (11), and their
coefficients were k1 ¼ 0.08 nN/mm, k2 ¼ 0.78 nN/mm, and
g ¼ 7.5 nN s/mm. The values of both the elastic stiffness
and frictional coefficient we obtained in this study along
the spindle’s long axis were 5–7 times larger than those ob-
tained along the short axis. These anisotropic properties
may be due to anisotropic alignment of MTs in the spindle
and/or a different force sensitivity of cross-linkers depending
on the direction of external force. Thus, we found that the
Zener model can recapitulate most of themechanical features
we measured for the spindle long axis. If the inserted needles
can repeatedly push and pull the spindle pole without irre-
versibly perturbing the spindle organization, a sinusoidal
analysis can be performed as reported previously (11).
Next, we carried out a step-like stretching experiment.
We stretched the spindle by ~8%, held it in the stretched
state, and examined the effect of stretch on the width
(Fig. 3 A; Movie S6). A relatively large stretching rate
(1.0–5.0 mm/s) was used to observe the subsequent recovery
process for a longer period of time. The spindle could be
kept stretched by two stiff needles for ~300 s before the
split. We found that W, having briefly decreased after(p < 0.05). (D) Relationship between the spindle length (L) and width (W) befo
circles), and ~240 s after stretching (blue solid triangles) (n ¼ 13 spindles). The
the corresponding mean values.
Biophysical Journal 106(3) 735–740stretching, gradually recovered and reached a new steady
state within ~200 s, whereas L remained almost constant
(Fig. 3 B). The value of W at the new steady state was
slightly smaller than before stretching (W/W0 ¼ 0.94 5
0.06 (mean 5 SD, n ¼ 13 spindles), p < 0.05; Fig. 3, C
and D), demonstrating that the stretch affected the
spindle width.
Finally, we investigated whether the stretching force in-
duces a change in the amount of spindle components. We
performed 3D observation of a spindle and measured its vol-
ume (V), and the amount of tubulin in the spindle (M) from
the fluorescence intensity (FI) of the fluorescent dye-labeled
tubulin incorporated into the MTs. From these measure-
ments we estimated the tubulin density in the spindle
(D ¼ M/V) (Fig. 4 A; see Supporting Material). Again, the
spindle was stretched by ~8% and sustained in the stretched
state. We found that M did not change during stretching,
whereas V and D, after having briefly decreased (V) or
increased (D), started to recover soon after stretching.
Both were fully recovered after ~240 s (Fig. 4, B and C;
Movie S7). One plausible explanation for the recovery of
D to the initial value is that the tubulin density in the spindle
is optimized by a balance between the size of molecular mo-
tors and their interaction space with MTs. According to this
explanation, the recovery of V (¼M/D) is attributable to the
recovery of D, because M remains constant.
In this study, we showed that the metaphase spindle ex-
hibits a viscoelastic response against stretching along the
long axis and generates a sustained restoring force for several
minutes. The Poisson ratio of the spindle just after the stretch
was larger than 0.5 (2.1 5 0.8 (mean 5 SD, n ¼ 13 spin-
dles)). This is similar to what is found in tendon and ligament
(22) (Poisson ratio ~3), which are anisotropic hierarchical or-
ganizations composed of collagenmicrostructures. However,FIGURE 3 Recovery of the width in the
stretched spindle. (A) Image of the spindle during
and after stretching. Pink dashed lines indicate
the positions of the needle tips. The moving rate
of the needle was 5.0 mm/s. After stretching the
spindle, the positions of microneedles were fixed.
Numbers on the left show the time (in seconds)
from the moment the needle started to move. Scale
bar, 10 mm. (B) Time courses of the changes in the
length (L) and width (W) of the spindle that was
stretched and held stretched for ~300 s. Dashed
lines show the spindle length and width before
stretching. (C) Time courses of the relative
changes in the length (L, blue squares) and width
(W, red circles) of the spindle that was stretched
and held stretched for ~300 s, obtained by 3D
observation (mean 5 SD, n ¼ 13 spindles). The
length and width were normalized by the length
and width before stretching (L0 and W0, respec-
tively). Asterisks indicate the results of the t-test
re stretching (green solid squares), immediately after stretching (red solid
green open square, the red open circle, and the blue open triangle represent
FIGURE 4 3D scan of the spindle during
stretching. (A) 3D view of the metaphase spindle
self-organized in the Xenopus egg extracts, labeled
with the fluorescent tubulin. Scale bar, 10 mm. (B)
3D view of the spindle before and after stretching.
Pink dashed lines indicate the positions of the nee-
dle tips. The positions of the microneedles were
fixed after stretching the spindle. The moving
rate of the needle was 1.0 mm/s. Numbers on the
left show the time (in seconds) from the moment
the needle started to move. Scale bar, 10 mm. (C)
Time course of relative changes in the spindle vol-
ume (V, red circles), the amount of tubulin in the
spindle (M, blue squares), and the tubulin density
in the spindle (D, green triangles) obtained by
3D observation (mean 5 SD, n ¼ 13 spindles).
The spindle was stretched by ~8% and held
stretched for ~300 s. Asterisks indicate the results
of the t-test (p < 0.05).
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such as striated muscle and nonmuscle cells (23,24), and
isotropic materials such as rubber, the volume of which is
maintained nearly constant (Poisson ratio ~0.5). We also
found that the volume of the spindle once significantly
decreased just after the stretch gradually recovered (Fig. 4
C). Such dynamics of volume recovery may be characteristic
of living material that is constantly spending chemical en-
ergy to maintain its structure. In contrast, in other living ma-
terials, such as striated muscle, whose composition is
relatively static, the chemical energy is used mainly for
repeatedly performing mechanical work, rather than main-
taining the dynamic order of the structure.
Within a cell, the spindle is exposed to push-pull forces
acting at the spindle poles applied from outside the spindle
through astral MTs. Thus, the Zener-type viscoelasticity of
the spindle, generating restoring force, can withstand these
forces to stabilize the spindle size at metaphase.SUPPORTING MATERIAL
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